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The European Network for Light Ion Hadron 
Therapy (ENLIGHT) was established to co-
ordinate  European  efforts in using ion 
beams for radiation therapy and to catalyse 
collaboration and co-operation among  the 
different disciplines involved. ENLIGHT had  
its inaugural meeting in February 2002  at 
CERN and was funded by the European 
Commission for its first 3 years.

http://cern.ch/enlight





We determine the probability distribution of cost
and benefits for the LHC since 1993 until planned
decommissioning in 2025, and we find there is a 
92% probability that benefits exceed its
costs, with an expected net present value 
of about 3 billion euro, not including the 
unpredictable economic value of 
discovery of any new physics.

Additional reading:
Schopper, Herwig, 2016. "Some remarks concerning the cost/benefit analysis
applied to LHC at CERN," Technological Forecasting and Social Change, 
Elsevier, vol. 112(C), pages 54-64.

E Pugliese, G Cimini, A Patelli, A Zaccaria, L Pietronero, A Gabrielli, 
Unfolding the innovation system for the development of countries: co-
evolution of Science, Technology and Production, arXiv preprint
arXiv:1707.05146

A Patelli, G Cimini, E Pugliese, A Gabrielli, The scientific influence of nations 
on global scientific and technological development, Journal of Informetrics
11, 1229-1237 (2017)



As of 2014 there were 42,200
accelerators worldwide: 
27,000 (64%) in industry, 
14,000 (33%) for medical purposes
1,200 (3%) for basic research. 

These figures exclude electron
microscopes and x–ray tubes, and 
the security and defense industries. 
Chernyaev, A. P. and Varzar, S. M. (2014). Particle accelerators in 
modern world. Physics of Atomic Nuclei, 77(10):1203–1215. 

Some updated figures in Doyle, McDaniel, Hamm, The Future of 
Industrial Accelerators and Applications, SAND2018-5903B

Over 70 companies and institutes 
produce accelerators for industrial
applications; these organizations sell
more than 1,100 industrial systems
per year — almost twice the number
produced for research or medical
therapy — at a market value of $2.2B. 

Over $1B of this amount is generated
by the sales of accelerators for ion 
implantation into materials —
primarily semiconductor devices —
whose worldwide value of production 
is about $300B.

Hamm,R.andHamm,M.(2012).Industrial accelerators and their
applications. World Scientific Publishing Co. 



KNOWLEDGE TRANSFER through PROCUREMENT
Survey of companies involved 
in technology-intensive 
procurement contracts with 
CERN. 
178 questionnaires analyzed, 
related to 503 MCHF 
procurement budget.

Technological learning 44%
Increased international exposure 42%
Developed new products 38%
Market learning 36%
Started new R&D teams 13%
Would have poorer technological performance without CERN 41%
Would have poorer sales performance without CERN 52%

Technological competences
Increased sales
Positive return on image
New partnerships/coolaborations
Market learning
New clients
New activities
Higher market shares
New markets

Impact



The
HUMAN
capital
(very hard to quantify but extremely 
impactful for particle physics)



Today:
> 3000 PhD students

in LHC experiments
https://www.wes.org/advisor-blog/salary-difference-masters-phd/

Salary Differences Between Master’s and Ph.D. Graduates



2007-2012: 831 Fellows finished their Fellowships

The study targeted the 288 (38%) former fellows that 
did not have any affiliation (staff, student, user, etc.) 
with CERN at time of the survey

First Position after Fellowship



First Position after Fellowship



First Position after Fellowship
How important was the CERN fellowship 
to secure your first position after the fellowship? 



Top Twenty Industry Sectors of CERN Alumni Community:
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Accelerators

Detectors Computing

Technologies
and
know-how









X-Rays

1895



Accelerator

protons

Secondary beam

Radioisotopes

Primary beam ions

electrons

Low
energy

High
energy

Proton 
therapy

Ion 
therapy

IORT Intra Operative Radiation Therapy, 
skin cancer

Very High Energy Electron 
(VHEE) 

Particle
therapy

X-rays

neutrons

Radiation 
therapy

neutron 
therapy

Imaging,
diagnosis

therapy

PET

SPECT

brachytherapy

Targeted alpha therapy

target



Radiotherapy





STELLA Collaboration 
formed to address the lack
of radiotherapy in 
challenging environments.
Supported by ICEC, UK 
STFC, Lancaster and Oxford 
University, CERN, users in 
LMICs



Berkeley
1931 Invention of cyclotron (Ernest Lawrence)
1946 RR Wilson published his seminal paper on particle therapy
1952 First biological investigation with accelerated nuclei (C Tobias 
and JH Lawrence)
1954 First therapeutic exposure of humans to protons and alphas 
(Tobias and JH Lawrence) 
1975 Clinical trials with accelerated light ions at LBL (Castro) 

Gustav Werner Institute and Theodor Svedberg Laboratory
1949 Synchrocyclotron at the Gustav Werner Institute (Uppsala)
1950s Pre-therapeutic physical experiments with high energy
protons (B. Larsson) 
1957 First patient treated with proton beam

X rays Protons,
ions





1990
RFQ2 
200 MHz
0.5 MeV /m
Weight :1200kg/m
Ext. diametre : ~45 cm 

2007
LINAC4 RFQ
352 MHz
1MeV/m
Weight : 400kg/m
Ext. diametre : 29 cm

2014
HF RFQ
750MHz
2.5MeV/m
Weight : 100 kg/m
Ext. diametre : 13 cm

Protons: 
the LINAC way

TOP IMPLART
L. Picardi, C. Ronsivalle, A. Vignati, Progetto del TOP Linac, ENEA Technical Report 
RT/INN/97/17 (in Italian) (1997)
C. Ronsivalle, M. Carpanese, C. Marino, G. Messina, L. Picardi, S. Sandri, E. Basile, 
B. Caccia, D.M. Castelluccio, E. Cisbani, S. Frullani, F. Ghio, V. Macellari, M. Benassi, 
M. D’Andrea, L. Strigari, The TOP-IMPLART project, Eur. Phys. J. Plus 126: 68 (2011) 
1–15, http://dx.doi.org/10.1140/epjp/i2011-11068-x.

Compact High-Frequency Radio Frequency 
Quadrupole (RFQ)
M. Vretenar, A. Dallocchio, V. A. Dimov, M. Garlasché, A. 
Grudiev, A. M. Lombardi, S. Mathot, E. Montesinos, M. Timmins, 
“A Compact High-Frequency RFQ for Medical Applications”, in 
Proc. LINAC2014, Geneva, Switzerland, September 2014

LInac BOoster (LIBO)
U. Amaldi et al., LIBO: a 3 GHz proton linac booster of 200 MeV for cancer treatment, in 
Proceedings of the XIX International Linear Accelerator Conference, Chicago, (1998), p. 
633U. Amaldi et al., “LIBO-a linac booster for protontherapy: construction and test of a 
prototype,” Nucl. Instrum. Methods Phys. Res. A, vol. 521, pp. 512-529, 2004.



Toward clinical proton therapy LINACs
The RFQ accelerating structure entirely manufactured by AVO (under CERN 
licence) has completed the Factory Acceptance Testing protocols and is RF tuned. 

The RFQ is ready to be installed into the beamline at STFC (Daresbury) AVO 
integration site in the next weeks. 

CERN proton therapy RFQ (5 MeV / 2m) 

TOP IMPLART under development and construction by ENEA in 
collaboration with the Italian Institute of Health (ISS) and the 
Oncological Hospital Regina Elena-IFO.
Status in March 2021*: running at 55.5 MeV
*http://www.frascati.enea.it/accelerators/Sito/TopImplartStatus&Schedules/index.htm

ERHA (Enhanced Radiotherapy with Hadrons) is the 
innovative proton therapy system being developed by 
LinearBeam for the treatment of tumors.
Collaboration with (among others) ENEA, INFN.



Next challenge: Carbon and other ions

Collaboration CERN-CIEMAT-CDTI-Spanish industry
2.0 m long
750 MHz
Will deliver Carbon (or Helium) at 5 MeV (total energy)
Designed at CERN built in Spanish Industry

First (of 4 sections) completed



16 Dipoles
to bend

24 Quadrupoles
to focus

20 Correctors
to steer

1 RF cavity
to accelerate

Linac
to pre-

accelerate

Sources
to generate



The image shows an optimized plan with two opposite 
fields for a chordoma patient using protons (left) or 12C 
ions (right). 

Image from the GSI patient project archive, 
distributed under Creative Commons CC BY 4.0.

From pioneering rasterscanning & 
carbon ion pilot project @

440 patients
1998-2008

Since 2009*:
2841 patients with p
3793 patients with C-ion

* Until Dec 2020, source ptcog.ch

Courtesy HIT/Heidelberg

https://creativecommons.org/licenses/by/4.0/


From PIMMS @



Patient treatment at MedAustron

Values October 2021 • values rounded

CNS
Head & Neck

Pediatrics
Re-Irradiation

Sarcoma
Skull Base
Prostate

Gastrointestinal (upper)
Gastrointestinal (lower)

Gynecological Tumors
Urogenital Tumors
Breast/Mamma-Ca

28%
20%
15%
15%
9%
7%
3%
2%
<1%
<1%
<1%
<1%

Since 2016:
1174 Patients
30600 Single Fractions



Chordoma and 
Chondrosarcoma

26%

Sarcoma
11%

Rectal cancer
1%

Meningioma
7%

Other brain tumours
4%

Adenoid cystic carcinoma
18%

Pleomorphic adenoma
2%

Mucosal melanoma
2%

Head and Neck carcinoma 
and adenocarcinoma

22%

Prostate adenocarcinoma
2%

Ocular melanoma
3%

Hepatocellular carcinoma
1%

Pancreatic 
adenocarcinoma

1%

Patients per year

CE clinical trials

 -
 100
 200
 300
 400
 500
 600

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Since 2011:
3700 Patients

55% C-ions
45% Protons

Patient treatment at CNAO

Non oncological application: ventricular arrhythmia
(Collaboration with San Matteo Hospital, Pavia)

Published: European Journal of Heart Failure



Cost-effective technologies

Reduced footprint

New treatment regimes (e.g. FLASH, microbeams) and 
fractionation schedules

Multi-ions

Radiobiology research integrated in the facility

First human patient – skin cancer treated 
with 10 MeV-range electrons

Vozenin et al
Clin Cancer Res 2018

Challenges for next-generation ion-therapy machines



(European) technologies for next-generation ion-therapy machines

Credit: C Kokkinos/FEAC Engineering

Synchrotron design

Many challenges in common with those for future particle
physics facilities. Various initiatives starting/on-going:

The Next Ion Medical Machine Study (NIMMS) collaborative 
study coordinated by CERN

H2020 HITRIplus project (CNAO, Bevatech, CEA, CERN, 
CIEMAT, Cosylab, GSI, INFN, MedAustron, PSI, Riga, UKGM, 
UKHD/HIT, Malta, Marburg, Uppsala, Wigner)

EC-funded study for SEEIIST (CERN, GSI)

Ion superconducting gantry (CERN, CNAO, MedAustron, INFN)

Ion linac injector (CERN, CIEMAT)

Dedicated WP on magnets for medical accelerators in H2020 
IFAST project (GSI, BI, BT, CERN, HIT, CERN, CEA, INFN, 
CIEMAT, Wigner, UU, PSI, Scanditronix, Elytt, SigmaPhi)

SIG Superconducting Ion Gantry project (INFN)

LINACs

Gantries Superconducting magnets



R&D on gantries
Collaboration CNAO-INFN-CERN-MedAustron
under discussion: start 2021, 4 years project

SIGRUM
Superconducting Ion 
Gantry with Riboni’s
Unconventional Mechanics

GaToroid: A Novel Concept for a 
Superconducting Compact and Lightweight
Gantry for Hadron Therapy

Approved for 
financing



5th generation facility:

Superconducting synchrotron

Multi-ion irradiation system

Injector with laser acceleration technology

Rotating gantry with HTS magnets

Microsurgery system

Laser-hybrid Accelerator for 
Radiobiological Applications

Look even further
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Experiments (including radiobiology) at various user 
facilities:

CERN Linear Electron Accelerator for Research (CLEAR)

VELA–CLARA at Daresbury Laboratory

PITZ at DESY

ELBE–HZDR in Dresden

New treatment modalities: 
Very High Energy Electrons (VHEE) + FLASH

Facilities under design:

FRIDA Sapienza INFN

IDRA LOA Orsay



CERN – University Hospital Lausanne (CHUV) collaboration 
based on the CLIC technology (see talk from S.Stapnes)

Very intense electron beams
CLIC – to provide brightness needed for delicate physics experiments
FLASH – to provide dose fast for biological FLASH effect

Very precisely controlled electron beams
CLIC – to reduce the power consumption of the facility
FLASH – to provide reliable treatment in a clinical setting

High accelerating gradient
CLIC – fit facility in Lac Leman region and limit cost
FLASH – fit facility on typical hospital campuses and limit cost

VHEE FLASH clinical facilities under design

SLAC PHASER



Radioisotopes



Radioisotopes & Nuclear Medicine

Established isotopes  à Industrial suppliers

99mTc, 18F, 123,125,131I, 111In, 90Y

Emerging isotopes      à Small innovative suppliers

68Ga, 82Rb, 89Zr, 177Lu, 188Re

R&D isotopes               à Research labs

44,47Sc, 64,67Cu, 134Ce, 140Nd, 149, 152, 155, 161Tb, 
166Ho, 195mPt, 211At, 212, 213Bi, 223Ra, 225Ac,…

(Courtesy Ulli Koester)



Theranostics

Auger therapy
a-therapy

b-
th

er
ap

y

PE
T

SPECT

H2020 PRISMAP: The European medical isotope programme
(Arronax, CEA, CERN, CHUV, DTU, ESS, GANIL, GSI, ILL, 
INFN, IST-ID, JRC, KU Leuven, LU, MedAustron, MUI, NCBJ, 
NPL, PSI, SCIPROM, SCK-CEN, TUM, UIO)



CERN: from ISOLDE to MEDICIS

MEDICIS Laboratory

MEDICIS
Target
Irradiation

Rail
Conveyor
System

Protons on ISOLDE 
target

Isotope separation 
on-line (ISOL)

ISOLDE has 
been running 
for more than
50 years

Non-conventional isotopes collected by mass 
separation for new medical applications



CERN: from ISOLDE to MEDICIS

MEDICIS run during LS2:  operating with sources irradiated outside CERN.

Sources provided by MEDICIS collaborating institutes.

Mass separation at CERN MEDICIS when needed.

Purification in collaborating institutes by radiochemistry.



SPES -Selective Production of 
Exotic (nuclear) Species @ LNL

48

ISOL facility and the 
acceleration of neutron-rich

unstable nuclei

production and delivery to the 
target of Cyclotron proton beams)

Neutron source for 
applied physics and 

industry&

Radioisotopes for medical
applications



Production of radiosiotopes
for medical applications via 
ISOL technique

innovative radioisotopes for medical applications

Production of radiosiotopes for 
medical applications via direct
activation

LAboratory of	Radionuclides for	MEDicine

2019

[*] Esposito J et al., Molecules 2019, 24, 20; doi:10.3390/molecules24010020

Focused on the use of the ISOL system 
to produce radioisotopes for medicine at 
high specific activity and purity.

INFN patent «Method for producing beta 
emitting radiopharmaceuticals and beta 
emitting radiopharmaceuticals thus 
obtained»



Accelerators
(and detectors) for 

Cultural 
Heritage

PIXE = Particle Induced X-ray Emission
PIGE = Particle Induced Gamma Emission
RBS = Rutherford Backscattering
Spectroscopy
ERDA = Elastic Recoil Detection Analysis

© Christophe Hargoues / C2RMF / CNRS Photothèque



New AGLAÉ –
Accélérateur Grand 
Louvre d'Analyse 
Élémentaire

Jean-Pierre Dalbéra [CC BY 2.0], wikimedia commons

Yann Caradec, CC BY-NC-SA 2.0

CHRISTOPHE HARGOUES / C2RMF / AGLAE / CNRS PHOTOTHÈQUE



Construction of 
a compact, 
transportable 
accelerator

MACHINA
Movable Accelerator for 
Cultural Heritage In-situ 
Non-destructive Analysis

Ph
ot

o:
 IN
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(Not really HEP!)
A cruise ship emits as much sulphur oxides as 1 million cars!
So far, technical solutions exist to reduce SOx or NOx, but there is no 
economically viable solution for both.

Hybrid Exhaust Gas Cleaning Retrofit Technology for International 
Shipping (HERTIS)
150 kV electron accelerator to break the high order molecules that are 
then cleaned by a water jet (scrubber).

Environmental applications
Carlo Rubbia’s energy amplifier concept.

« Cleaner and inexhaustible nuclear energy production 
driven by a particle beam accelerator » 
CERN/AT/93~47 (ET)
https://cds.cern.ch/record/256520/files/at-93-047.pdf



h0ps://images.cnrs.fr/video/2057

In vitrum veritas



The ISEULT 
magnet -
a French-German
initiative

Full field of 11.72 
teslas achieved
on July 18, 2019

The ISEULT whole body 11.7 T MRI magnet

NEUROSPIN: a unique concept 
in neuroscience research

First images released
Oct. 7, 2021



20th anniversary symposium on Medipix and Timepix https://indico.cern.ch/event/782801/timetable/

© NASA, photo ref. no. iss036e006175

Before filtering

After filtering

Ionization electronsBeam 
loss 

James Storey, CERN



Space
applications

Medical
applications

+ industrial applications
Notably, non-destructive testing



A long and winding road…



BRIAN L. EDLOW, M.D. OF MASSACHUSETTS GENERAL HOSPITAL



Courtesy Luca Bottura



How do we 
MAXIMISE 
IMPACT?

CERN, 1970s



In the end, utility resulted, but it
was never a criterion to which
his (Faraday’s, ndr) ceaseless
experimentation could be subjected. 

I am not for a moment suggesting that
everything that goes on in laboratories
will ultimately turn to some unexpected
practical use or that an ultimate
practical use is its actual justification. 

1939!



Warm thanks (in no particular order) to all those who shared material, insights, stories
and apologies to those I unintentionally forgot

CNAO: Sandro Rossi, Enrico Felcini, Silvia Meneghello
MedAustron: Christoph Kurfürst
INFN: Giorgio Keppel, the Technology Transfer office
TERA Foundation: Ugo Amaldi
CERN: Luca Bottura, Michael Campbell, Roberto Corsini, Ariel Haziot, Mikko Karppinen, Alessandra Lombardi, 
Diego Perini, Thierry Stora, Davide Tommasini, Maurizio Vretenar, Walter Wuensch

THANK YOU for your attention

Get in touch:

Manuela.Cirilli@cern.ch

http://kt.cern



1935 Yukawa theory on pi meson

1947 Discovery of pions

1951 Possibility of using negative pions for 
cancer therapy (Tobias and Richman) 

1961 Clinical use of 𝜋- advocated (Fowler 
and Perkins, Nature 1961)

‘70-’80s Clinical trials of negative pions at 
LAMPF, TRIUMF, PSI and Stanford 

William T. Chu
EO Lawrence Berkeley National Laboratory
PTCOG From 1985 to Present and Future 

𝜋- beam therapy

LAMPF: a dream and a gamble


